Tectonic processes drive megacycles of atmospheric carbon dioxide (CO 2 ) concentration, c a , that force large fluctuations in global climate. With a period of several hundred million years, these megacycles have been linked to the evolution of vascular plants, but adaptation at the subcellular scale has been difficult to determine because fossils typically do not preserve this information. Here we show, after accounting for evolutionary relatedness using phylogenetic comparative methods, that plant nuclear genome size (measured as the haploid DNA amount) and the size of stomatal guard cells are correlated across a broad taxonomic range of extant species. This phylogenetic regression was used to estimate the mean genome size of fossil plants from the size of fossil stomata. For the last 400 Myr, spanning almost the full evolutionary history of vascular plants, we found a significant correlation between fossil plant genome size and c a , modelled independently using geochemical data. The correlation is consistent with selection for stomatal size and genome size by c a as plants adapted towards optimal leaf gas exchange under a changing CO 2 regime. Our findings point to the possibility that major episodes of change in c a throughout Earth history might have selected for changes in genome size, influencing plant diversification.
INTRODUCTION
Wilson cycles ('megacycles') describe continental break-up, dispersal and reassembly occurring with a period of several hundred million years [1, 2] . Volcanic carbon dioxide (CO 2 ) outgassing during continental fragmentation is proposed to create greenhouse climates by increasing atmospheric CO 2 concentration, c a , while CO 2 drawdown owing to the predominance of weathering processes switches the planet to an icehouse mode (figure 1) [3, 4] . Over the Phanaerozoic period (past 540 Myr), continental movements and greenhouse -icehouse cycles have influenced the evolution and adaptation of marine [5] and terrestrial primary producers [6 -10] . On land, they have been linked through morphological information in the fossil record to plant evolution and speciation [11] , transforming the landscape and its biota [12, 13] . If c a has influenced plant evolution, then adaptation and selection may have acted on subcellular characters also, but this information is not readily preserved in the fossil record. Consequently, there has been little evidence of a linkage between the large geologicalscale changes in c a and changes in subcellular plant characters over geological time. Here, we show that tectonically driven megacycles of c a may have selected for changes in plant genome size (the haploid nuclear DNA amount or C-value)-a fundamental subcellular feature of land plant evolution.
(a) Atmospheric carbon dioxide and stomata There is coupling between c a and the physiology of plant gas exchange, illustrated in figure 1a. Atmospheric CO 2 is the substrate for photosynthesis, and its concentration on geological timescales is strongly influenced by major geological sources and sinks, including the action of plant photosynthetic productivity on weathering of Ca -Mg silicate rocks [12] . In geological intervals when c a was low (as inferred from geochemical data [4] ), fossil leaves exhibit more numerous, smaller stomata, and the reverse pattern is seen in periods of high c a [14] . These changes in stomatal size and number (density) have unambiguous functional consequences for leaves owing to the basic physics of diffusion: higher average maximum leaf diffusive conductance to CO 2 under low c a , and lower maximum diffusive conductance under higher c a [14] . Although played out at the global scale and over geological time, the pattern mimics the well-characterized feedback interaction between c a and leaf diffusive conductance observed routinely in the laboratory [15] [16] [17] [18] , albeit through more subtle adjustments of stomatal aperture rather than stomatal size and density. At the geological and experimental scale, both phenomena exhibit characteristics of an adaptive response that tends towards (though not necessarily achieves) optimization of leaf gas exchange [16, 19] . We cannot be certain that the apparent feedback response of stomata to c a at the geological scale is indeed an adaptive feedback response, or a fortuitous coevolution, because we are unable to physically duplicate the past 400 Myr of the Earth system under controlled conditions. But the pattern, suggesting adaptation of stomatal size and density to c a , can be simulated mathematically with a feedback model built on established physiological theory that minimizes the perturbation incurred on CO 2 assimilation rate by a change in c a [20] . Furthermore, the geological-scale pattern is mirrored in growth chamber experiments, with plants grown under different c a treatments showing in many cases a qualitatively similar change in stomatal size and density [21 -23] . For the purpose of our investigation, we therefore began with the premise that there is a strong functional connection between c a and stomatal dimensions, i.e. plants exhibit a predictable pattern of phenotypic plasticity in stomatal size and density in response to a change in c a .
(b) Genome size and stomata The ratio of guard cell to nucleus width is relatively constant for taxa from across the phylogenetic spectrum (figure 2a-c). Assuming that nuclear DNA amount is proportional to the volume of the nucleus [24, 25] and that stomatal guard cells are typically diploid [26] , the size of fossil guard cells is potentially a proxy for estimating nuclear DNA amounts of fossil species. This principle has been applied in relation to the study of ploidy in fossil angiosperms [27] , but here we develop the methodology further by accounting for phylogenetic effects to investigate the relationship between plant nuclear genome size and c a . Across a diverse group of 11 extant plant genera, we observed a strong positive correlation between nuclear genome size (1C DNA amount), nucleus volume and a simple volumetric measure of guard cell size, guard cell width cubed (figure 2d,e). This strong geometric scaling between genome size and guard cell size in land plants, similar to that observed between genome size and guard cell length in a large group of angiosperms [28] , indicates that guard cell size can act as a proxy for genome size in fossil plants.
Guard cell size in 211 fossil plant species spanning the last 400 Myr shows a clear pattern of covariance with large, long-term changes in c a calculated from a coupled carbon -sulphur cycle geochemical model [4] (figure 3). Assuming that guard cell size and genome size are correlated (figure 2e), the relationship in figure 3 suggests that 1C DNA and c a are correlated through the fossil record. This hypothesis was evaluated by reconstructing changes in ancestral C-values Figure 1 . Schematic diagram of coupling between leaf CO 2 assimilation and the geochemical carbon cycle. Atmospheric CO 2 concentration, c a , on geological timescales is determined by the balance between major sources (volcanism) and sinks (deep ocean sedimentation). The fossil record suggests that leaves have adapted to megacycles in atmospheric CO 2 concentration by adjusting leaf diffusive conductance to CO 2 , achieved through changing the size and density (number) of stomatal guard cells on the leaf surface. Stomata on the leaf surface are represented as guard cell pairs in outline containing circular red nuclei.
for long-extinct plant lineages and testing for correlation between fossil plant C-values and c a over the last 400 Myr. Our approach uses evolutionary comparative analyses of the relationship between guard cell size and plant nuclear genome size in a way that parallels the reconstruction of dinosaur nuclear genome sizes from fossil bone cell sizes [29] . The method enables a regression model to be fitted to comparative data that are inherently non-independent owing to evolutionary relatedness [30] . Our goal is not to identify, nor does it require, a mechanism for change in or evolution of plant genome size. However, an understanding of the selective forces involved requires a model that tells us what to expect from a given set of assumptions [31] , so to this end, we describe a simple model to accompany our findings.
MATERIALS AND METHODS (a) Observation of guard cell nuclei
Epidermal peels were bathed for 10 min in LB01 buffer containing the DNA fluorophore propidium iodide, prepared as described for suspensions of isolated nuclei for flow cytometry [32] . Peels were mounted in 
water on glass slides and guard cell nuclei were observed using standard fluorescence microscopy (excited with 488 nm wavelength light, and detected with a 562-588 nm band pass filter). Mean + s.e.m. of 3-15 stomata were measured for each species. Allium cepa, Arabidopsis thaliana, Osmunda regalis, Plantago lanceolata, Selaginella uncinata and Vicia faba were grown in controlled environment cabinets under typical natural conditions: 1000 mmol m 22 s 21 photosynthetically active radiation, ambient CO 2 concentration, 10 h photoperiod, 258C, well-watered, commercial compost soil. Asplenium sp., Convallaria majalis, Cycas revoluta, Cymbalaria muralis and Pteridium aquilinum were collected from urban gardens in Sheffield. The 1C DNA amount for C. muralis and S. uncinata was measured as described earlier [32] using LB01 buffer and propidium iodide stain; Solanum lycopersicum 'Gardner's Delight' was the standard for C. muralis [33] , and Oryza sativa cv. IR36 was the standard for S. uncinata [34] . All other 1C values are from the plant DNA C-values database (http://data.kew.org/cvalues/).
(b) Phylogenetic comparative method We first constructed a chronogram (figure 4) for 36 extant species of broad phylogenetic diversity (electronic supplementary material, table A2) using sequences of atpB, rbcL and 18S rDNA deposited in GenBank, which are known to produce a phylogenetic tree that adequately represents the current hypothesis of relationships among the major land plant groups [35, 36] . We carried out a simultaneous divergencetime and phylogenetic analysis using Markov chain Monte Carlo methods (MCMC) implemented in BEAST (v. 1.5.4; [37, 38] ). BEAST employs an uncorrelated relaxed clock model that draws substitution rates from a lognormal distribution and estimates divergence times from fossil calibrations that are treated as probabilistic priors. We attached a lognormal prior probability to several minimum-age estimates representing the first fossil occurrences of several of the major land plant groups (i.e. Tracheophyta, Euphyllophyta, Acrogymnospermae, Eudicotyledonae etc.; see Smith et al. [39] for details regarding the fossils used in this step). We also imposed several topological constraints to ensure that the topology matched the current hypothesis for relationships among land plants. The most notable constraint forced the monophyly of the Monocotyledonae and Eudicotyledonae to reflect recent genome-scale chloroplast analyses that have indicated some support for this relationship [40, 41] . We ran four independent MCMC runs of 10 million generations each, sampling every 1000 generations and using an unpartitioned GTR þ G substitution model. The first 2 500 000 generations were discarded as burn-in. To improve the certainty of dated nodes in the phylogenetic tree, we used the age of 30 fossil plant clades, spanning 400 Myr, which are linked to known stem lineages of the 36 extant species (see electronic supplementary material, table A3 for a list of the 30 fossil clades used in this step). The 30 fossil clades were assumed to lie on or close to the ancestral branch (the grey points in figure 4) . We checked this assumption by moving the points backwards in time (i.e. simulating earlier branching), however the results were not materially affected. The 30 fossil clades (electronic supplementary material, table A3; grey points in figure 4 ) were assumed to be direct ancestors on the lineages leading to extant species (black dots on the phylogenetic tree; figure 4 ). The alternative was to assume an earlier splitting of the fossils from these lineages. However, there was no obvious algorithm for doing this and, given the broad and coarse resolution of the phylogeny, our approach is pragmatic.
We then fitted a regression model, incorporating phylogeny, to 1C DNA amount versus guard cell width cubed for the 36 extant species in the chronogram (black symbols in figure 5a ; data listed in electronic figure 5a ) predicts C-value from guard cell size and explains 67 per cent of the variation in extant species. This regression was used to estimate the mean 1C-values of the 30 fossil plant clades spanning 400 Myr from their mean guard cell width cubed ( figure 5a , open symbols; fossil plant clades are listed in electronic supplementary material, table A3). To account for phylogenetic non-independence, the inferred 1C DNA amount included phylogenetic covariance using the methods described earlier [30, 43, 44] . The l-statistic was not significantly different from 1, indicating a strong phylogenetic signal in the residuals of the regression. ( figure 5b,c) . In order to confirm that phylogenetic uncertainty was not an influence on the outcome of our analyses, we repeated the entire comparative analysis for 1000 phylogenetic trees randomly selected from the posterior distribution. The 95% confidence interval for the slope of the regression in figure 5a was 0.63-0.91, and for the slope of the relationship in figure 5c it was 1.56-2.20. The results are thus highly robust to phylogenetic uncertainty. We interpret the pattern in figures 3 -5 as the result of natural selection on correlated characters [45] . To clarify our approach, we distinguish between natural selection and evolutionary response [45] : phenotypic selection occurs regardless of genetic basis, but evolutionary response to selection comprises genetic change. Though not without its criticisms [46] (see also the historical discussion by Mayr [47] ), we apply the assumption that adaptation can be explained by natural selection. In this sense, we are viewing plant nuclear genome size as the phenotype [48] and therefore assume that it exhibits variation and adaptation upon which natural selection can act [31, 45, 49, 50] . Our goal in this discussion is only to consider how c a , as a global environmental factor, might select for stomatal size and genome size as characters, and not to propose how this may ultimately have contributed to speciation through geological time.
RESULTS AND DISCUSSION
We hypothesize that guard cell size and genome size are correlated traits that may be subject to selection by c a . To explain how c a selects for stomatal size, we propose a simple feedback model, based on the short-term stomatal feedback response to c a , whereby maximum leaf diffusive conductance adapts towards a new optimum following a sustained shift in c a . The shift in maximum leaf diffusive conductance, a function of the size and density of stomata [14] , comprises a change in stomatal guard cell size. The individuals that adapt maximum leaf diffusive conductance are more competitive in the new global c a , leading to selection (differential reproductive success). The central tenet here is developmental plasticity: the capacity to reorganize the phenotype in response to environmental stimuli, producing the variants upon which natural selection can act [51] .
Selection for stomatal size is accompanied by a correlated change in genome size (as guard cell nucleus size), but unlike the physiological foundations for predicting the response of stomatal size to c a , we have no a priori physiological model that explains the change in genome size. The correlation between the size of guard cells and their nuclear genomes (figures 2c,e and 5a) is likely to be related to a general phenomenon of the same form, i.e. the correlation between cell size (or more precisely, cell cytoplasmic volume) and genome size. A considerable body of work has focused on this fundamental general relationship (see review and analysis in Cavalier-Smith [52] ). However, as with evolutionary theory [47] , the field of genomics and genome evolution, within which the explanation to this puzzle lies, has been deeply divided along theoretical grounds [52] . We will therefore not attempt to offer a subcellular mechanism for the correlation between guard cell size and genome size, except to say that it is consistent with at least one theory, the skeletal DNA theory [52] . This states that a change in cell cytoplasmic volume is accompanied by a change in nucleus volume in order to balance the rate of protein synthesis (cytoplasm-based) with the rate of RNA synthesis and processing (nucleus-based) [52] .
We recognize that no single environmental factor like atmospheric CO 2 can entirely explain variations in genome size, and that other interactions between plants and their environment are likely to have contributed, including ecological and life-history traits [53] . Nevertheless, over the 400 Myr encompassed by the fossils, our results suggest that plant C-value has covaried with changes in c a (figure 5c). This could be linked to selection for altered guard cell size and leaf diffusive conductance by large, long-term changes in c a [14] (figure 1). Our fossil data and the c a model of Berner [4] limit the analysis to a temporal resolution of no less than 10 Myr and encompass changes in c a of several hundred parts per million in amplitude, but the same process may operate over c a cycles of smaller periodicity and amplitude. The molecular and genetic processes involved in the evolution of smaller or larger genomes are complex [54, 55] and beyond the scope of this study.
CONCLUSION
We conclude that the nuclear genome sizes of fossil plant clades, derived using phylogenetic comparative methods, correlate with tectonically induced megacycles in c a , modelled independently using geochemical data [4] . The underlying mechanism is unclear. The correlation is consistent with selection towards optimal leaf gas exchange, via guard cell size, under a changing c a regime driven by continental fragmentation and reassembly over the last 400 Myr. This is not to say that selection is favouring only a change in genome size in order to enhance stomatal size. Genome size and guard cell size may be under selection by several factors [28, [56] [57] [58] [59] . It also does not suggest that at any time plant nuclear genome size and maximum leaf diffusive conductance were optimal. The assumption of optimality is a common and misdirected criticism of the optimization interpretation [31] . Our findings and hypothesis are compatible with the observation of a broad range of genome sizes in extant flora [53] . A selective disadvantage under a new c a regime is unlikely to be lethal, and there is little evidence that c a has ever fallen below the compensation concentration, where respiration exceeds photosynthesis. Selection by c a could however affect the frequency distribution of genome size and is perhaps a contributing factor in the predominance of smaller plant genome sizes under the low-c a conditions of recent times.
Given that natural selection acts on many characters simultaneously, and phenotypic correlations between traits are ubiquitous [45] , we do not presuppose that our findings explain the variation of plant genome size. However, selection acts with varying strength on different traits [60, 61] , and on the basis of our results, we suggest that megacycles in c a are a major selective force on the adaptation of stomata and plant genome size. Our findings, and accompanying model, point to the additional possibility that major episodes of change in c a throughout Earth history [4] , linked for example to abrupt volcanism, such as the Triassic-Jurassic transition 210 Myr ago [62] , or meteorite impacts at the Cretaceous-Tertiary transition, 65 Myr ago [63] , might have selected for changes in genome size that promoted subsequent bursts of plant diversification. Such genomic consequences of cell size evolution may be analogous to the evolution of small bone-cells and genomes in non-avian dinosaurs that led to the origin of flight in birds [29] . Finally, we recognize that our derivation of plant genome size and explanation of the observed correlation in terms of selective forces are, in the words of Parker & Maynard Smith [31] , the consequence of a given set of assumptions, some well-founded, others emergent. Herein lies the challenge.
